ABSTRACT dW/J-grt is a congenital hypothyroid mouse model that is characterized by growth retardation, significantly lowered T3 and T4 levels, and severe thyroid hypoplasia related to TSH hyporesponsiveness. Previously, we identified the point mutation of the Tpst2 gene in DW/J-grt mice that causes a decrease in the enzymatic activity, and demonstrated that the Tpst2 transgene rescues the mutant phenotypes both in vitro and in vivo. The severity of hypothyroidism is highly variable indicating the influence of modifier genes in humans. In this study, to identify the modifier/resistant gene(s) to hypothyroidism, we produced congenic strains carrying this Tpst2 grt mutation on the C57BL/6J and 129/SvJcl (129) genetic backgrounds and analyzed growth rate and thyroid function. Interestingly, the 129 congenic mice exhibited normal growth and thyroid function. The result suggests that 129 strain has the modifier(s) of attenuation of hypothyroidism. Therefore, the identification of the modifier loci of 129 mice will provide important new information about the gene(s) related to congenital hypothyroidism.
Congenital hypothyroidism (CH) is one of the most frequent endocrinological disorders. It is caused by insufficient production of thyroid hormone in the thyroid gland, and about 1 : 3000-4000 human newborns worldwide are affected by CH (18) . If untreated, they suffer from irreversible growth delay and mental retardation. CH is caused by both environmental and genetic factors. Molecular genetic analyses have identified four thyroid dysgenesis susceptibility genes in humans: TSH receptor (TSHR) and the genes for transcription factors TTF1 (thyroid transcription factor), TTF2, and PAX8 (paired box gene 8) , that are crucial for the normal development of the thyroid (7, 12, 19, 23) . Studies of the spontaneous mutation and targeted-disruption of the above genes in mice have provided insight into the molecular mechanisms of organogenesis and thereby formed the basis for molecular genetic studies in human patients affected by thyroid dysgenesis (11, 14, 16, 20) . Numerous studies have used a candidate gene approach to identify genes involved in common forms of CH (1, 6). However, most forms of CH appear sporadically, and only 5% of patients have been reported to possess CH attributable to any of the four gene mutations mentioned above. Moreover, the incomplete penetrance and the variable expression observed in familial cases of hypothyroidism demonstrate that CH is a genetically heterogeneous disease. Thus, there is little information available on the genetic factors in the thyroid disease. The availability of several murine CH models offers hope, not only in identifying genes involved in common forms of human CH, but also in understanding how genetic background and environmental factors determine the incidence or severity of hypo-thyroidism, which may lead to a more precise understanding of CH and the development of new treatments for hypothyroidism. DW/J-grt mouse has an autosomal recessive, fetal onset, severe thyroid dysgenesis related to TSH hyporesponsiveness (28) . We previously determined that these mutant phenotypes are caused by a deficiency in the enzymatic activity of tyrosylprotein sulfotransferase-2 (Tpst2), and severe thyroid hypogenesis and consequent dwarfism are mainly due to the impairment of the tyrosine sulfation of TSHR by TPST2. Since the sulfation of the tyrosine 385 of TSHR by TPST2 is indispensable for the activation of TSH signaling, the mutant mice develop hypothyroidism and dwarfism due to TSH unresponsiveness (9, 15, 25) . The DW/J-grt (DW-grt) displays growth retardation from 3 weeks of age and their body weight is approximately 60% of wild-type (WT) littermates. On the other hand, Tpst2 knockout (KO) mice derived from the 129 strain show significantly lower serum T3 and T4, and higher serum TSH levels, and thyroid hypoplasia quite similar to that in DW-grt mice (4, 29). Despite the symptoms typical of hypothyroidism, Tpst2 KO mice do not exhibit any apparent growth retardation. In addition, although the heterozygotic KO mice of both thyroid-specific transcriptional factors Ttf1 and Pax8 genes exhibit thyroid abnormality in the C57BL/6J (B6) background, the introduction of the 129 genetic background completely ameliorates the hypothyroid phenotype (1). Thus, we speculated that the 129 strain has higher tolerance to hypothyroidism and subsequent growth retardation.
To verify this hypothesis, we produced congenic strains for Tpst2 grt in B6 (Japan SLC) and 129/SvJcl (129) (Clea Japan) mice. Congenic strains were produced by backcrossing DW-grt to B6 and 129 mice for more than 10 generations (designated B6-grt and 129-grt). Genotyping of the Tpst2 grt allele was performed as described previously (25) . The heterozygotic congenic females and males were crossed each other, and Tpst2 grt homozygote, heterozygote and WT mice were born according to the Mendelian rule. The body weight of the B6-grt, 129-grt and their control (B6-WT or 129-WT) littermates was measured at 3, 5, 8 and 10 weeks of age. In the B6-grt mice, a significant decrease in body weight was observed from 5 to 10 weeks of age ( Fig. 1 ; P < 0.05 at 5 weeks in males, P < 0.01 at 8 and 10 weeks in males and 5, 8, and 10 weeks in females). Interestingly, there were no differences in body to that in 129-WT mice. Although a slight decrease in serum free T4 was observed in the 129-grt males, the serum level of free T4 was similar to that in both DW-WT and B6-WT mice. Moreover, to confirm whether a low level of free T4 is related to thyroid gland morphology, histological analysis was also carried out. The thyroids of the B6-grt mice showed hypoplastic symptoms of a similar severity to those of DW-grt mice in terms of diversity in the weight between the 129-grt and 129-WT mice (Fig. 1) . Next, to validate the correlation between the severity of growth retardation and thyroidal function, we measured serum free T4 levels at 10 weeks using a T4 RIA kit (Siemens Healthcare Diagnostics). In B6-grt mice, the serum level of free T4 was significantly lower than that in B6-WT mice similar to that in DW-grt mice (Fig. 2) . On the other hand, the free T4 level in 129-grt mice was similar Fig. 3 (A) Histological analysis of grt and WT mice of each congenic strain. Thyroid sections of each congenic male mouse at 10 weeks of age are presented. Thyroid glands were fixed with 5% neutral-buffered formalin and embedded in paraffin. Serial sections of thyroids were cut at 3 μm and stained with hematoxylin-eosin. (B) Thyroid index. Thyroid images at 10 weeks were analyzed by photoshop CS4 (Adobe) and total area of the thyroid cross-section and the sum of the follicle areas were measured by Image J (National Institutes of Health, USA). The average ratio of total follicle areas to total thyroid cross-section area was calculated as the thyroid index. At least 3 distinct sections and more than 3 individuals per group were observed. Student's t-test was performed to detect differences between grt (white bars) and WT mice (black bars). **: P < 0.01.
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phenotypes, is commonly observed in 129 mouse strains (10, 13) . Further, the immune response of 129 strains differs from the well-characterized responses of B6 mice (2, 24, 26). Our data suggests that strain 129 is one of the most unique strains in terms of thyroid research. In conclusion, we have shown that 129 strains have a genetically high resistance to hypothyroidism. Susceptibility to thyroid disease has been believed to be associated with a genetic background in humans and other animals. This genetic effect is often complex and difficult to identify since it is further modified by environmental factors. The discovery of novel causative gene(s) might lead to the development of treatment strategies for thyroid cell disorders including thyroid tumors and hyperthyroidism as well as hypothyroidism. 
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follicle size (particularly in small follicles), reduction in follicular cell number and replacement of some hypoplastic portions by adipose tissue (Fig. 3A) . By contrast, the 129-grt mouse thyroids appeared normal and similar to those in 129-WT mice. For the quantitative evaluation of the severity of thyroid dysplasia, we used a "thyroid index" (average ratio of total colloid areas per thyroid crosssection area). The thyroid indices in DW-grt and B6-grt mice were 30-40% lower than those of their WT littermates (Fig. 3B) . In contrast, the index in 129-grt mice was almost identical to that in 129-WT mice. Taken together, these data indicate that B6 as well as DW mice are susceptible to growth retardation associated with hypothyroidism. In contrast, the thyroid function in 129-grt mice is fully recovered irrespective of TPST2 deficiency, and the 129 strain is remarkably resistant to hypothyroidism. In this study, the reason for the high resistance to CH in the 129 strain remains unclear, but there are at least two possibilities: an excess production of factor(s) to stimulate thyrocyte proliferation, or a decrease or defect(s) in the molecules that repress thyrocyte proliferation. In the thyroid, TSH-TSHR signaling is essential for the proliferation and maintenance of the differentiated thyroid follicular cell functions (21) . However, the alternative signaling pathways required for thyroid hormone biosynthesis are not so well known. For example, TSH-induced proliferation seems to be dependent on the presence of insulin or IGF-1 (17, 22) . Further, TSH indirectly stimulates thyrocyte proliferation via the induction of the autocrine growth factors (3, 27) or growth factor receptors (5, 8). The up-or down-regulation of these factors might contribute to the tolerance to TSH hyporesponsiveness in the 129 strain. Our results show that there are some differences in phenotype among Tpst2 KO and 129-grt mice. Although both strains do not show any growth disorders, 129-grt show normal T4 levels and the thyroids are histologically normal in appearance, whereas Tpst2 KO mice show lowered T4 levels and thyroid hypoplasia. The reason for these differences might be due to differences in the type of mutation; the former has decreased TPST2 enzymatic activity whereas the latter has a complete loss. Most gene targeting is carried out in cultured ES cells derived from the 129 strain because of its higher efficiency of germline transmission. However, the genetic and phenotypical differences from several common strains remain an impediment to researchers. For example, corpus callosum dysgenesis, which confounds studies of behavioral and cognitive 
